case, following translocation, replacement of both the extracellular and the juxtamembrane domains by a dimerizHepatocyte growth factor induces proliferation, ation motif generates an oncoprotein that is highly transmotility and differentiation of epithelial cells through forming in vitro and tumorigenic in vivo (Park et al. , the tyrosine kinase receptor encoded by the MET proto-1986; Rodrigues and Park, 1993) . By contrast, truncation oncogene. The cytoplasmic portion of Met (referred to of the extracellular domain alone generates a constitutively as cyto-Met) is activated but only weakly transforming.
activated tyrosine kinase that is only weakly transforming In order to determine the effect of activated Met on .
hepatocytes, we have targeted truncated Met expres-
The reproducible generation of immortalized hepatosion to the liver by incorporating the cDNA into cyte-derived cell lines is a problem that has been resolved a vector carrying the entire human a-1-antitrypsin only partially, in spite of the development of transgenic transcriptional unit. Transgenic expression in the liver mice in which expression of oncogenes or growth factors of truncated human Met, containing the regulatory and is targeted to the liver. While such mice permit the the catalytic cytoplasmic domains, renders hepatocytes establishment of hepatocyte lines, the resulting lines may constitutively resistant to apoptosis and reproducibly present transformed phenotypes and incomplete conservpermits immortalization. The emerging stable cell lines ation of the hepatocyte differentiation programme (Antoine are not transformed and maintain a highly differenti Wu et al., 1994a,b ) .
Introduction
Polypeptide growth factor receptors transduce signals
Results
controlling basic cell functions such as growth, differentiThe transgene AT-cyto-MET encodes the cytoplasmic poration, survival and, occasionally, motility (Barre et al., tion of Met, including the juxtamembrane and the catalytic 1992; Harrington et al., 1994; Van der Geer et al., 1994) .
domains, and the carboxy-terminal tail of the receptor. Hepatocyte growth factor (HGF) elicits multiple responses
The cyto-MET open reading frame (ORF) is embedded in epithelial and endothelial cells, including stimulation into a non-conventional construct, based on an 18 kb of growth (Nakamura et al., 1986; Michalopoulos, 1990;  genomic fragment containing the entire human α-1-anti- Rubin et al., 1991 Bussolino et al., 1992 , extracellular trypsin (AT) gene ( Figure 1A ). In transgenic mouse liver, matrix invasion (Weidner et al., 1990; Giordano et al., the cis-acting elements of the AT gene drive the expression 1993), differentiation (Stern et al., 1990; DeFrances et al., of cyto-Met from 14.5 d.p.c. (days post-coitum) on and 1992) and formation of tubular structures (Montesano throughout adult life (Amicone et al., 1995) . Immunoet al., 1991) . Furthermore, it has a pivotal role in liver precipitation analysis of liver extracts revealed consistent development, revealed by the observation of hepatocyte expression of the transgene as a protein of the anticipated involution in HGF-null mice (Schmidt et al., 1995) . size ( Figure 1B ). The transgenic mice show no evidence The HGF receptor is the transmembrane tyrosine kinase encoded by the MET proto-oncogene (Bottaro et al., of liver tumours during their entire life span.
showed a total protection, and those that did succumb to the treatment did so only after a substantial delay. Histological analysis of the livers of control and transgenic animals, performed at 2, 4 and 5 h following anti-Fas injection ( Figure 2B ), provided further evidence of the protection conferred by expression of the transgene. In control animals, progressive damage was observed, starting at the 2nd hour with a few areas of inflammatory infiltration and culminating at the 5th hour with many necrotic and haemorrhagic areas. The cells appeared clearly damaged, with condensed cytoplasm and karyorhexis and/or picnosis of the nuclei. On the contrary, in the transgenic liver, inflammatory infiltration was absent or scanty. A few damaged cells were detected at the 4th hour while only minor haemorrhages appeared at the 5th hour without major modification of the liver architecture.
Primary hepatocytes of transgenic mice are protected from apoptosis Since hepatocyte primary cultures are less susceptible to Jo2 antibody (Ni et al., 1994) , owing perhaps to reduced expression of the Fas receptor, different criteria were used to assess the resistance of transgenic hepatocytes to apoptotic stimuli. Two established treatments to induce apoptosis of cultured cells are: (i) treatment with the broadspectrum protein kinase inhibitor staurosporin (Jacobson et al., 1994) and (ii) plating on poly-HEMA-coated dishes.
The latter treatment prevents cell adhesion and is known to induce programmed cell death in anchorage-dependent Since several liver-specific genes are known to be downregulated in primary cell culture, we have tested directly the expression of the transgene and the production of the Transgenic mice are resistant to Fas-induced hepatocyte apoptosis transgenic protein in primary cultured hepatocytes. Liver explants from transgenic homozygous embryos (#36, 16 A major role of growth factors is to protect cells from programmed cell death or apoptosis Raff d.p.c.) were kept in culture for 6 or 12 days and RNA was analysed by RT-PCR. Single-stranded cDNA was et Snider, 1994) . To determine whether the expression of cyto-Met by hepatocytes had an influence first obtained by reverse transcription of total RNA using a 3Ј human Met-specific reverse primer, then amplification on apoptosis induced by different stimuli, experiments were undertaken in vivo and in vitro. Since it is known was performed with primers complementary to the first exon of the AT gene (see Figure 1A ) and ORF Met that massive and lethal hepatocyte apoptosis can be obtained by injection of the Jo2 monoclonal antibody sequences. Figure 4A shows a Southern blot of the resulting RT-PCR products probed with an internal Metdirected against the Fas receptor (Ogasawara et al., 1993) , transgenic mice were challenged with this stimulus. Figure specific third oligo. In addition, immunoprecipitation of primary culture extracts revealed consistent expression of 2A demonstrates that control animals are killed rapidly, as expected. However, the majority of transgenic animals the transgene as a protein of the anticipated size, although Wild-type mice were all dead within 6 h while all transgenics remained healthy. Two transgenics died after 18 h and the remainder are still alive.
(B) (Haematoxylin-eosin ϫ25). 2nd hour: in wild-type liver, a clear focus of inflammatory infiltration is detectable while only few inflammatory cells are present in the transgenic tissue. 4th hour: a huge necrotic area with many inflammatory cells in the wild-type liver is shown; on the contrary only few damaged hepatocytes are evident in the transgenic liver. 5th hour: almost all the hepatocytes appear damaged in the wild-type liver where a severe modification of the architecture, caused by haemorrhagic areas, is evident; only few and minor haemorrhages are present in the transgenic liver and both the hepatocytes and the organ architecture appear almost completely preserved.
our results suggest a down-regulation of the transgene transfer for several weeks. The epithelial monolayer that formed within 4 days was overgrown progressively by expression when hepatocytes are isolated and cultivated ( Figure 4B ). fibroblasts and undefined epithelial cells. After 5-6 weeks, a number of epithelial islands displaying hepatocyte-like morphology were visible in both transgenic and control Transgenic hepatocytes are permissive for the establishment of cell lines cultures. However, it was only in the transgenic cultures that very small tightly packed cells were observed within If transgenic hepatocytes are protected from apoptosis in vivo and in primary culture, and the transgene continues the epithelial islands: it is these cells that give rise to immortalized lines. These islands were left on the primary to be expressed when cells are placed in culture, these hepatocytes might permit the establishment of cell lines.
dishes for another few weeks, during which time the neighbouring cells degenerated, permitting easy picking When transgenic fetal livers were dissociated and grown in vitro, they did indeed give rise to cell lines, while a of each island, presumably containing the progeny of one cell. The recovered colonies were expanded slowly in typical senescence crisis invariably was observed in cultures from the wild-type littermates.
dishes of increasing size, and frozen after~25 cell generations. Passages are calculated from initial thawing. No Livers of animals of various ages and genotypes were subjected to mechanical dissociation and plated at high failures to obtain established lines were encountered with the cyto-Met transgenics. density on collagen-coated dishes. After overnight incubation, the majority of cells had attached. The semiOne or more immortalized cell lines per embryo or newborn animal, harvested from three different transgenic confluent cultures were washed and maintained without lines, was obtained reproducibly (Table I) . Out of 33 monolayers ( Figure 5 ) and did not display any features of transformation. They required collagen III for attachment immortalized hepatocyte lines established, named MMH (from Met murine hepatocyte), nine have so far been kept and serum for proliferation. Each of the three growth factors, epidermal growth factor (EGF), insulin-like in culture for Ͼ12 months and characterized. The cells of each of the nine lines grew as cobble-stone epithelial growth factor II (IGF-II) and insulin, was required for optimal proliferation and retention of the most 'hepatocytelike' morphology. The nine characterized cell lines failed to grow in soft agar (Table I) , and the four that have been tested were unable to form tumours in nude mice (data not shown). The generation time of each of the lines is 24 h and, although plating efficiencies have not been measured, the cells recover rapidly and proliferate even when plated at low density after trypsinization. At early stages after they are obtained, the lines contain some metaphases with a diploid number of chromosomes, but this population is replaced rapidly by cells with a heteroploid chromosome number. Morphological characterization has been carried out on (A) Primary cultures, prepared as described in Table I and transferred both an embryonic and a newborn MMH line. 2) , from primary hepatocytes cultured for 6 or 12 days (lanes 3 and 4 respectively), from control wild-type liver (lane 5) and from human hepatoma Hep3B cells stably transfected with the transgene (lane 6). Immunoprecipitation by specific anti-human Met antibody followed by Western blotting reveals the transgenic cyto-MET protein in lanes 1-4 and the endogenous human β chain in lane 6. (Cassio and Weiss, 1979) which forms colonies with an efficiency of 8ϫ10 -2 . habit of the cells. The electron micrographs of Figure 6A the surface of the monolayer and that the sodium pump protein is confined to the baso-lateral domain. and B highlight a bile canalicular-like structure, sealed by tight junctions, as well as microvilli extruding from the baso-lateral-like domain and generating intercellular Characterization of the MMH lines: hepatic functions recesses. Figure 6C and D shows confocal microscopic images. Figure 6C is a three-dimensional reconstruction RNA was prepared from early and late passages of cell lines from four different liver stages, each maintained in of ZO-1 staining, revealing the existence of occasional bile canaliculi. Figure 6D confirms the reality of polarization of complete growth medium or deprived of serum for 48 h. For comparison, RNA was prepared from fetal (18 d.p.c.) these cells; they have been stained for a basolateral marker as well as ZO-1 and the cross-section demonstrates that and adult liver. Blots were prepared and hybridized with probes for liver-enriched transcription factors and for ZO-1 is localized exclusively to the cell-cell contact at several laboratories have produced transgenic mice expressing an oncogene, or overexpressing a growth factor or its receptor, there are few reports concerning hepatocyte lines. Antoine et al. (1992) developed cell lines from tumorous liver tissue of a transgenic mouse expressing SV40 T antigen under control of the anti-thrombin III promoter: one of the two reported lines was 'well differentiated' but expressed nuclear T antigen and formed tumours in irradiated nude mice. The majority of cell lines isolated from mice overexpressing transforming growth factor-α (TGF-α) were also malignant (Wu et al., 1994a) , although one line remained untransformed and expressed a panel of hepatocyte-specific genes (Wu et al., 1994b) . The non-transformed phenotype of the hepatocyte lines from cyto-Met mice is certainly due to the only weakly transforming properties of the activated receptor used. The transgenic hepatocytes as well as the MMH lines are promising tools for the development of liver replacement models in mutant mice, since both should have a selective advantage (Overturf et al., 1996) .
Characterization of the MMH cell lines: morphology
We propose that the immortalization of the transgenic hepatocytes is a consequence of a cyto-Met-mediated protection from programmed cell death. There are provocative indications that inhibition of apoptosis may facilitate immortalization. Functional p53 and Rb are (Harvey et al., 1993; Tsukada et al., 1993) . It is widely total RNA. Probes used are indicated on the left. After hybridization, accepted that invalidation of the apoptosis mechanism is RNA amount (data not shown) was verified with a GAPDH probe.
an important step in tumour development (Chiarugi et al., 1994) , and the same may be true of immortalization. Finally, it is easy to imagine that between the time of hepatic functions (Figure 7) . Among the transcription factors, HNF1-α, HNF4 and C/EBP-α are especially initiation of a cell culture and the emergence of a permanent line, multiple insults occur that result in apoptosis of cells characteristic of hepatocytes. Transcripts for each of these factors are expressed in the different lines, although at that are poised for this event. Decreased sensitivity to apoptosis could facilitate immortalization by simply variable levels. In some cases, the signal obtained is stronger at early than at late passage, in others a difference increasing the number of target cells for a rare, and presumably mutational, event. is observed between the cells maintained in serum or starved. Despite the variability, each of the lines examined
The mechanism of cyto-Met-mediated protection from apoptosis remains to be clarified. The simplest explanation expresses each of the factors. Concerning the hepatic functions, it is clear that the cell line showing the most that takes into account the decreased sensitivity of transgenic hepatocytes to multiple apoptotic stimuli would consistent expression of each of the functions is from day 3 liver, as might be expected from the late expression of be the continuous activation by cyto-Met of a signal transduction pathway, whose final effect is to prevent some hepatocyte genes. commitment to apoptosis. The molecular events linking growth factor receptors to the control of apoptosis are still Discussion largely unknown, although phosphatidylinositol-3-kinase appears to be involved in nerve growth factor-induced It is well known that the activated version of Met, like other tyrosine kinase receptors, can induce transformation survival (Yao and Cooper, 1995) . This signal transduction pathway is activated efficiently by Met (Graziani et al., of a variety of target cells (Sawyers and Denny, 1994) . Expression of cyto-MET in transgenic hepatocytes does 1991; Ponzetto et al., 1993) . A second intriguing clue comes from the recent finding of interaction between the not result in tumour formation, but rather it renders the hepatocytes permissive for immortalization at all stages cytoplasmic portion of Met and the C-terminal region of Bag-1 (Bardelli et al., 1996) , a functional partner of Bcl-2, of development that have been tested. This was a totally unexpected finding. The fact that stable lines could be a key player in prevention of apoptosis (Vaux et al., 1988; Hockenbery et al., 1990; ; Takayama derived from different transgenic strains rules out the possibility that random inactivation of genes responsible et al., 1995) . MMH lines arise at a low frequency from a large number for senescence or apoptosis had occurred by insertional mutagenesis (see Table I ).
of primary cultured cells, similarly to the hepatocyte lines described by Antoine et al. (1992) and Wu et al. (1994b) . The most striking and uniform feature of the MMH cell lines is the absence of a transformed phenotype. Although Consequently, the immortalized lines are most probably cultures from wild-type livers, the expression of cytoprogeny of founders described in Amicone et al. (1995) the ever-elusive liver stem cell (Sigal et al., 1992) .
Confocal analysis was performed using a Leika based microscope with a Bio-Rad MRC 600 confocal imaging system. For thin sections, cells were fixed in Karnovsky solution 0.1 M cacodylate buffer pH 7.4 for
Materials and methods
12-18 h at 4°C and post-fixed in 1% OsO 4 . Cells were then dehydrated and embedded in epoxy resin. Thin sections for electron microscopy Animal experiments were counterstained with uranyl acetate and lead citrate. Details on the construction and on the tissue-specific and temporal expression of the transgene have been published (Amicone et al., 1995) .
RNA analysis For the in vivo induction of apoptosis, eight male mice of 8 weeks old
Single-stranded cDNA obtained from reverse transcription of 2.5 μg of in each group (wild-type or homozygotes of the transgenic lines #36, total RNA using a reverse complement of nucleotides 4221-4245 of #42 and #78) were given intraperitoneal injections of Jo2 monoclonal the ORF Met (oligo-1: TTTGACATAGTACTAGCACTATGAT, from anti-mouse Fas (Pharmigen; 3 μg/g body weight). Animal care and GenBank accession No. K02212) was amplified by PCR according to sacrifice was performed according to EEC guidelines. the following protocol. Oligonucleotides used for PCR analyses were oligo-2 (CTCAGCTTCAGGCACCACCA) corresponding to nucleotides Western blot 11-30 of the exon 1 of the AT gene (from GenBank accession No. The liver samples and cultured cells were lysed in 10 mM PIPES pH 7.6, X54559) and oligo-1. Reactions were performed in a total volume of 100 mM NaCl, 5 mM MgCl 2 , 300 mM sucrose, 5 mM EGTA, 1% 50 μl. The reaction mixture first was heated to 95°C for 5 min, and then Triton X-100, 2 mM phenylmethylsulphonyl fluoride (PMSF), 40 cycles of 94°C for 30 s, 61°C for 30 s and 72°C for 1 min were 500 μg/ml leupeptin, 50 μg/ml pepstatin, 1 μg/ml aprotinin and 1 mM carried out in a DNA thermal cycler (Perkin-Elmer-Cetus). Products Na orthovanadate. Lysates were incubated with anti-human Met antibody were separated on a 1.5% agarose gel and then transferred to a (c-Met C-12, Santa Cruz Biotechnology) coupled to protein A-Sepharose.
nitrocellulose filter for hybridization with a third oligonucleotide (oligo Immunoprecipitation was followed by Western blotting and development 3: TGTAGACTACCGAGCTACTT) corresponding to nucleotides 3054-with ECL (Amersham).
3073 of ORF Met. For Northern blot analysis, total cellular RNA was extracted from Primary hepatocyte culture cells according to standard protocols. RNA samples (~20 μg per lane) Livers from foetuses (from 14.5 d.p.c.) or newborns (up to day 6) were were resolved by electrophoresis in agarose-1.85 M formaldehyde gels dissected and mechanically dissociated (five strokes in a loose-fitting and blotted onto nylon membranes (Amersham). Blots were hybridized Potter), and plated at high density on collagen III (Sigma)-coated Nunc with α-32 P-specific probes (HNF1-α, Frain et al., 1989 ; HNF1-β, De Petri dishes in RPMI 1640 containing 10% fetal calf serum (FCS) Simone et al., 1991; HNF4, Sladek et al., 1990 ; C/EBP-α, Landschulz supplemented with 50 ng/ml EGF, 30 ng/ml IGF-II, 10 μg/ml insulin et C/EBP-β, Poli et al., 1990; C/EBP-δ, Cao et al., 1991; (Boehringer Mannheim) and antibiotics. After overnight incubation, the aldolase B, Skala et al., 1987; albumin, Sargent et al., 1979 ; β-fibrinogen, majority of cells had attached. The semi-confluent cultures were washed Crabtree and Kant, 1981; connexin 32, Paul, 1986) at 42°C in 50% and maintained without transfer for several weeks. In some experiments, formamide buffer (Hybrisol, Oncor). cells were inoculated and maintained for 2 days in hepatocyte attachment medium (Gibco-BRL), which reduced the fibroblast contamination.
